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Abstract 
Solar cells employing quantum wells can enhance the light absorption but suffer from the difficulty in 
photogenerated carrier extraction. Here, we analyzed the spectral response and the photocarrier collection 
mechanism of p-i-n multiple quantum well (MQW) solar cells using the effective-mobility model. Both the 
simulation and experiment results imply that the spatial profiles of electron and hole densities in MQWs play 
an important role in the carrier collection process. By considering the recombination increment under 
illumination, our findings suggest that the concept of the majority/minority carriers is important even in the 
intrinsic region: photogenerated electrons and holes only experience significant recombination when passing 
through the hole-rich and electron-rich regions, respectively. This can accurately explain the photocurrent 
behavior in cells with high background doping, background illumination, and different MQW positions. Based 
on the experimental findings, we derived analytical formulae for carrier collection efficiency, which directly 
show the impact of each cell parameter and can be used for the systematic cell design. 
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Highlights 
 The behavior of photocurrent in low-mobility MQW solar cells is investigated. 
 Carrier distribution plays an important role in the carrier collection process. 
 The impacts of background doping, bias light, and MQW position on EQE are clarified 
 We derive analytical expressions for carrier collection efficiency. 
 Our model is applicable to the cell design including well number and position
  
1For instance, the thermal escape rate from a QW with width w and effective height Vb under the electric field E to the next well is 
proportional to ( )12exp BbV wE k T − −   [14]. For w = 5 nm, the escape rate is boosted by less than 10% under E = 10 kV/cm 
compared to that under flat-band. 
 
1. Introduction 
 The implementation of nanostructures such as multiple quantum wells (MQW) in the photovoltaic 
application has been proposed as a promising approach for the efficient conversion of the sunlight spectrum 
into the electrical energy [1]. Such structures allow us to modify the optical properties in order to enhance the 
solar cell performance. A wide range of application of MQW solar cells, such as the photocurrent enhancement 
with small voltage loss [2], the restriction of radiative recombination [3], and the utilization of excitonic 
absorption [4], have been investigated. Another potential application which has already been commercially 
realized [5] is the bandgap engineering of subcells in multi-junction solar cells [3,6–9], where bandgap 
combination is vital to the cell performance. MQW structures reduce the effective bandgap while keeping 
effectively lattice-matched with the substrate, offering alternative material choices for the bandgap optimization 
in multi-junction cells.  
However, MQW absorbers have difficulty in carrier collection due to the obstruction of carrier transport by 
potential barriers [10]. Photogenerated carriers which are trapped and cannot escape out of the MQWs 
recombine and do not contribute to the photocurrent. MQWs are usually inserted in the intrinsic regions of the 
p-i-n junctions, where the internal electric field can enhance the carrier extraction [11]. Still, poor carrier 
collection has been observed in MQWs that have a large number of stacks and/or large band offsets [9,11–13].   
To deal with this problem, there are a number of research works that studied the mechanisms of carrier 
escape from the quantum wells (QWs). Escape models, such as thermal escape and tunnel escape, have been 
proposed, and detailed calculations of their escape rates have been discussed analytically [14,15]. However, a 
theoretical model which links the carrier escape (microscopic behavior) with the output photocurrent 
(macroscopic behavior) has not been well established. This limits the investigation of the device operation to 
the self-consistent numerical simulation [16], which is not straightforward to understand the device behavior. In 
addition, the numerical simulator is not always convenient to see the impact of cell parameters and optimize the 
cell design. Various analytical expressions have been employed to describe the collection efficiency of the 
charge carriers from MQWs such as ( ) ( )esc esc rec1 1 1τ τ τ+ , ( ) ( )esc esc rec1 1 1
N
τ τ τ +  , and 
( ) ( )esc esc rec1N Nτ τ τ+ , where escτ  is the carrier escape time from a QW to the next QW through a barrier, 
recτ  is the recombination lifetime, and N is the stack number of QWs [12,13,17,18]. In addition to a variety of 
expressions, they are over-simplified. They do not take into account the backward movement of carriers, the 
driving force from the electric field, and the carrier distribution. Note that the above collection-efficiency 
expressions have only a weak dependence on the internal field1, contradicting the fact that the internal field of 
the p-i-n structure is essential for the carrier collection from the MQW.  
Many experimental studies have reported that the carrier collection from the quantum structures strongly 
depends on the surrounding conditions. It is well recognized that unintentional background doping extensively 
affects carrier collection [19–21]. This has been attributed to the weak electric field caused by band flattening, 
but only the band flattening cannot describe all the behaviors that are mentioned in this paper. The background 
illumination (bias light) has been reported to change the collection efficiency of the photoexcited carriers, but 
the mechanism behind this phenomenon has not been well-understood [22].
  
    Here, we investigate the photocurrent collection mechanism, particularly the role of carrier distribution, in 
MQW solar cells. We employ the effective-mobility model, which takes into account the random carrier motion 
and the electric field, to simulate and analyze the results. Based on our experimental findings on various 
measurement conditions, we propose explicit expressions for carrier collection efficiency, which provides 
design rules for efficient photocarrier collection.  
 
2. Experimental and simulation details 
2.1. Sample preparation 
The p-i-n solar cells in this study were prepared by metal-organic vapor phase epitaxy with the growth 
condition explained in [21]. The thicknesses of the 2×1018 cm-3 doped GaAs p-emitter and the 1×1017 cm-3 
doped GaAs n-base were both 200 nm. We applied a 25-nm InGaP window, but did not apply a back surface 
field and an anti-reflection coating. In0.20Ga0.80As (5.4 nm)/GaAs0.61P0.39 (5.7 nm) strain-balanced MQWs were 
inserted in the i-regions, whose thickness was kept constant at 1100 nm for all samples. The atomic 
compositions and thicknesses of the MQWs were confirmed by X-ray diffraction (XRD) measurements. 
We prepared two sets of samples as summarized in Table 1. The first set consisted of three MQW cells with 
different background doping levels in the i-regions. For convenience, we call them i-regions regardless of the 
background doping. The i-region of the p(p)n cell was unintentionally p-doped by carbon during the growth 
process, whereas the i-regions of the pin and p(n)n cells were additionally doped by small supply rates of H2S. 
The background doping levels, shown in Table 1, were confirmed by Hall measurements in the GaAs test 
samples grown in the same condition. The second set consisted of cells with MQWs inserted in different 
positions in the i-regions: near the emitter (MQW-top), at the center (MQW-mid), and near the base 
(MQW-bottom). In this sample set, the compensation doping in the i-regions was carefully applied. Samples 
within the same set were grown in the same batch and confirmed by XRD measurement to assure the identical 
structure of the MQWs. 
 
Table 1 
Sample details 
Sample Well number 
i-GaAs spacer [nm] Background  
doping [cm-3]c Emitter side Base side 
p(p)n 45a 300 300 p-type 3×1015 
pin 45 300 300 n-type 5×1014 
p(n)n 45 300 300 n-type 8×1015 
MQW-top 27b 100 700 < 5×1014 
MQW-mid 27 400 400 < 5×1014 
MQW-bottom 27 700 100 < 5×1014 
aThe total MQW thickness was 500 nm. 
bThe total MQW thickness was 300 nm. 
cObtained from Hall measurements in GaAs test samples. 
 
2.2. Carrier collection efficiency (CCE) measurement 
Since most photogenerated carriers can be collected from the MQW under sufficient reverse bias owing to 
  
high electric field, carrier collection efficiency (CCE) can be estimated by normalizing the current as 
( ) ( ) ( )reverseCCE ,J V J VV ∆ ∆=  (1) 
where ∆J is the current increment after illumination, which corresponds to the photocurrent, V is the voltage, 
Vreverse is the sufficiently high reverse-bias voltage [22]. For the illumination with monochromatic light having 
wavelength λ, Eq. (1) can also be written using external quantum efficiency (EQE) as 
( ) ( ) ( )reverseEQE , EC , QECE .,VV Vλ λ λ=  (2) 
CCE excludes the parasitic absorption (e.g. substrate absorption, which is included in the internal quantum 
efficiency measurement) and is straightforward in evaluating the collection process involving MQWs, but the 
careful interpretation is needed near the band edge, where the quantum-confined Stark effect arises. 
EQE was measured using monochromatic light with a constant intensity of 2.5 mW/cm2 passing through a 
chopper with a frequency of 85 Hz and captured by a lock-in amplifier, whose phase was carefully corrected. In 
the study of the light bias, additional AM1.5G light with an intensity of 100 mW/cm2 (1 sun) was illuminated as 
a background without passing through the chopper. We focused on an operation voltage of 0.6 V, where the 
carrier transport degradation can be clearly observed while the effects from a voltage drop across the parasitic 
resistance [22] is sufficiently small. Vreverse was set to -6 V in the CCE measurement. 
 
2.3. Simulation and effective-mobility model 
The experimental results were analyzed using the device simulator (PVcell, STR) [23]. The simulation was 
based on the conventional drift-diffusion model, solving the current continuity and Poisson’s equations without 
additional complex physics. The illumination intensity, the applied voltage, the surface reflectance, and the 
device structure were set to be the same as the experimental condition except for the MQW structure. 
To reduce the complexity of the MQW while maintaining its essence, we employed the effective-mobility 
model [24] in the device simulation. In this model, the MQW region is approximated as an equivalent bulk with 
an effective mobility µMQW instead of the confinement potential profile. We obtained µMQW experimentally 
from the carrier time-of-flight measurement [25] to be 0.28 cm2/Vs, which was accidentally the same value for 
both electrons and holes [26]. 
The effective bandgap of this equivalent bulk was set to be the lowest transition energy of 1.29 eV, 
obtained from the photoluminescence peak at room temperature. The conduction band offset of 0.10 eV and the 
valence band offset of 0.03 eV with GaAs were obtained from the estimated positions of the 1e and 1hh energy 
levels, respectively. The absorption coefficient was measured by means of Fourier transform infrared 
spectroscopy (FTIR). The background carrier concentration in the equivalent bulk was assumed to be 
approximately half of the value measured in GaAs, as the dopant ionization energy in wide-gap materials is 
relatively large [27] and the wide-gap GaAsP occupied approximately half of the MQW region. Other 
equivalent material properties such as the density of states and the radiative recombination coefficient B have 
been discussed elsewhere [24]. These assumptions are justified by a good agreement between the simulation 
results and the experimental ones. 
  
 
3. Experimental results and discussion 
3.1. Effect of background doping 
Fig. 1 shows the EQE of the p(p)n, pin, and p(n)n MQW solar cells measured at -6 V and 0.6 V. All the 
MQW cells have almost the same EQE at the high reverse bias condition regardless of the background doping. 
At high reverse bias, EQE simply reflects the device absorptivity, which is the same for cells containing the 
identical MQW structure. On the other hand, applying forward bias significantly degrades EQE due to the poor 
carrier collection at the low field. In this way, the ratio of these EQEs in Eq. (2) accurately extracts the 
information on carrier collection at a forward bias. 
Fig. 2(a) shows the CCE at 0.6 V obtained from the ratio of these EQEs. The p(p)n and p(n)n cells suffer 
from poor collection of carriers excited by short- and long-wavelength light, respectively, whereas the pin cell 
can efficiently collect carriers from a wide wavelength range. In most research so far, the poor carrier collection 
has been explained by the background doping flattening the band, as depicted in Fig. 2(c), and reducing the 
electric field needed to sweep carriers out of the MQW. The band flattening can well explain the above result, 
but not the excitation-wavelength dependence. In particular, carriers from short-wavelength excitation can be 
efficiently collected in the p(n)n sample despite the fact that the band is almost flat in the MQW region. 
In order to understand this behavior, we simulated the operation of these cells using the model explained in 
Section 2.3. We focused on the simulation of the CCE, obtained from Eq. (1) and the simulated photocurrent, 
rather than the EQE in order to avoid the complicated estimation of parasitic absorption and to discuss the 
collection process directly. The simulated CCE is shown in Fig. 2(b). The Shockley-Read-Hall (SRH) 
recombination rate is formulated as  
SRH
np
npR
n pτ τ
≈
+
. (3) 
The SRH lifetimes of electrons τn and holes τp inside the MQW are the fitting parameters that reproduce the 
measured CCE of the pin cell and were found to be both 140 ns, which are close to the lifetimes estimated from 
the electroluminescence measurement in similar MQW structures (~100 ns) [28]. n and p are the electron and 
hole densities and the deep-level defects are assumed in the SRH recombination rate. By only varying the 
background doping level while keeping other parameters the same, the simulated CCE of the p(p)n and p(n)n 
samples in Fig. 2(b) can adequately reproduce the tendency of the experimental data in Fig. 2(a). This implies 
that, in spite of many assumptions and approximations included, the effective-mobility model keeps the essence 
of MQW and can sufficiently describe the carrier collection process inside the MQW. In this way, 
understanding the physics behind these simulation results will provide useful information on the photocurrent 
collection mechanism in actual devices. 
 
 
  
 
Fig. 1. EQE spectra of MQW cells with different background doping levels measured at (a) -6 V and (b) 0.6 V. No bias light was 
applied. 
 
 
Fig. 2. (a) Measured wavelength-dependent CCE at 0.6 V for different background doping levels. Simulated (b) CCE and (c) band 
diagrams at 0.6 V using the effective-mobility model, in which the MQW is replaced with an equivalent bulk. (d) Normalized 
photogeneration rates under 400-nm-wavelength, 800-nm-wavelength, 900-nm-wavelength, and AM1.5G illumination. 
 
Firstly, we discuss the behavior under the 400-nm illumination. This wavelength has a short absorption 
length and excites carriers only in GaAs above the MQW as depicted in Fig. 2(d). Generated holes are easily 
collected at the p-emitter whereas generated electrons have to travel through the MQW toward the n-base. Thus, 
the photocurrent entering the MQW consists of only the electron component, making the analysis simple. Fig. 3 
shows the simulation results of the carrier densities, the recombination rates, and the electron photocurrent in 
the i-region at 0.6 V. Here, instead of the total recombination rate and the total current, we consider the 
increment after illumination. The recombination increment due to illumination directly corresponds to the 
recombination of the photogenerated carriers, i.e. the failure of photocurrent collection, and the current 
  
increment corresponds to the photocurrent. The increment of recombination in Figs. 3(d)-(f), which is found to 
be dominated by the SRH process as can be expected from the characteristics of the i-regions, is large in the 
entire MQW region of the p(p)n sample and in the hole-rich ( p n> ) region of the pin sample. This causes a 
drop of electron photocurrent flowing through the MQW [Figs. 3(g)-(h)]. On the other hand, the recombination 
increment is small in the p(n)n sample and in the electron-rich ( n p> ) region of the pin sample, resulting in 
comparatively small electron photocurrent drop in these regions [Figs. 3(h)-(i)]. This corresponds to the low 
and high short-wavelength CCE in the p(p)n and p(n)n sample, respectively. 
 
 
Fig. 3. Simulation results of the p(p)n, pin, and p(n)n MQW cells at 0.6 V. (a)-(c) Electron and hole densities in the dark condition. 
(d)-(f) Increment of SRH and radiative recombination rates under 400-nm light. (g)-(i) Electron photocurrent densities, obtained 
from the difference between the electron current densities without and with the 400-nm-wavelength illumination. Only the 
i-regions are shown. The shaded area indicates the MQW regions with electron-rich and hole-rich profiles. 
 
This behavior can be explained by the following: when electrons flow in the MQW, the electron density 
changes by ∆n and the SRH recombination in Eq. (3) increases by 
( )
2
SRH 2
   ;  
   .
0          ;  
nn
p n
nnR
p np
n pn p
ττ
τ τ
>∆∆
≈
>
∆ ≈ 
+
 (4) 
Eq. (4) implies that the recombination of photogenerated electrons and, consequently, the electron 
photocurrent drop mainly occur in the hole-rich region. The above finding suggests that the concept of the 
majority/minority carriers is important not only in the n- and p-regions, but also in the intrinsic region, in 
which the carrier distribution is often neglected in the depletion approximation. In the p(n)n MQW cell, we can 
conclude from the above findings that the suppression of the recombination process overcomes the poor carrier 
transport in the flat band, allowing photogenerated electrons to be efficiently collected and the 
  
short-wavelength CCE to be almost 1. The low short-wavelength CCE in the p(p)n cell is due to the wide 
hole-rich region in addition to the low field. 
For longer excitation wavelengths (500 nm < λ < 870 nm), which have smaller absorption coefficients, a 
larger portion of carriers are generated near the n-base as shown in Fig. 2(d). Electrons photogenerated below 
the MQW are efficiently collected at the n-base while holes flow toward the MQW. The p(n)n cell, whose 
MQW region is electron-rich, begins to suffer from poor collection of the hole photocurrent, resulting in the 
degradation of long-wavelength CCE. The CCE of the p(p)n cell, on the other hand, has a slight improvement 
at long wavelengths owing to the smaller fraction of carriers generated above the MQW, thus smaller electron 
photocurrent flowing through the MQW. 
 
3.2. Effect of bias light 
Fig. 4 shows the EQE and CCE of the p(p)n, pin, p(n)n MQW solar cells measured at 0.6 V under a 1-sun 
bias light. By illuminating the background light during the EQE measurement, only the p(p)n cell shows a 
significant improvement from the poor carrier collection efficiency under no bias light [Figs. 1(b), 2(a)]. 
 
 
Fig. 4. (a) EQE and (b) CCE spectra of MQW cells with different background doping levels at 0.6 V under 1-sun AM1.5G bias 
light. 
 
To understand this impactful behavior, we investigated the simulation results of the p(p)n MQW cell for the 
400-nm-light response, for simplicity as it generates only electrons flowing through the MQW. The simulation 
results are shown in Fig. 5. Here, the increments of recombination rates and electron current are defined by the 
difference between the values under AM1.5G + 400 nm illumination and the values under AM1.5G 
illumination. As can be seen from Fig. 5(a), the AM1.5G illumination vastly changed the carrier distribution 
profile of the p(p)n cell: the hole-rich region width decreases from the entire MQW [Fig. 3(a)] to only a part of 
the MQW region. This is because of the low effective mobility in the MQW that easily enhances the carrier 
accumulation under illumination even for non-concentrated light. The recombination increment in Fig. 5(b) is 
suppressed in the electron-rich region, resulting in the negligible drop of the electron photocurrent in this region 
as depicted in Fig. 5(c) and the recovery of the short-wavelength CCE.  
For long-wavelength excitation (500 nm < λ < 870 nm), the CCE of the p(p)n cell recovers under bias light 
similarly to the short-wavelength excitation. As can be seen in Fig. 2(d), the fraction of electron photocurrent 
flowing through the MQW (electrons generated above the MQW and flowing toward the n-base) is larger than 
  
the hole photocurrent (holes generated below the MQW and flowing toward the p-emitter) due to the 
exponential profile of light intensity. Therefore, the decrease of the hole-rich region and, consequently, the 
enhancement in the electron collection boost CCE even at long wavelengths. 
By contrast, the effect of bias light is comparatively small in the pin and p(n)n cells. The AM1.5G bias light 
accumulates electrons in the MQW rather than holes due to the larger fraction of carriers generated near the 
p-emitter than the n-base [Fig. 2(d)], resulting in a larger electron current flowing into the MQW. This electron 
accumulation, however, has only a small effect on these two cells since they already have wide electron-rich 
regions before applying bias light [Figs. 3(b)-(c)]. 
This finding suggests that the quantum efficiency measurement should be conducted under bias light to 
ensure the same carrier distribution profile as the actual device operation. 
 
 
Fig. 5. Simulation results in the i-regions of the p(p)n MQW cells at 0.6 V under AM1.5G 1-sun bias light. (a) Electron and hole 
densities under bias light. (b) Increment of recombination rates under 400-nm additional illumination. (c) Electron photocurrent 
density generated by the 400-nm light. The shaded areas indicate the electron-rich and hole-rich regions inside the MQW. 
 
3.3. Effect of MQW position 
In this part, we discuss the effect of the MQW position inside the i-region using the MQW-top, MQW-mid, 
and MQW-bottom described in Table 1. Figs. 6(a)-(b) show their EQE and CCE at 0.6 V under 1-sun bias light. 
Despite the identical MQW and negligible background doping, the carrier collection is different among samples 
whose differences are only in the position of the MQW.  
 
  
 
Fig. 6. (a) EQE and (b) CCE spectra of cells with the MQW inserted at the top, middle, and bottom of the i-region at 0.6 V under 
1-sun bias light. (c) CCE estimated using Eq. (15). 
 
We, again, investigated by simulating the carrier distribution profile as shown in Figs. 7(a)-(c). It can be 
seen that the MQW-mid and MQW-bottom have the electron-rich region in the entire MQW region, whereas 
MQW-top partly has the hole-rich region inside the MQW. This is due to the electron accumulation from the 
AM1.5G bias light. Note that if there is no bias light, relatively symmetric carrier distribution can be found in 
the MQW-mid. For short-wavelength illumination, as previously explained, there is only electron photocurrent 
in the MQW coming from the front part of the samples, and it experiences no difficulty in flowing through the 
MQW due to the wide electron-rich region, with only a slight (< 0.5%) CCE drop in MQW-top. 
For longer wavelengths (500 nm < λ < 870 nm), CCEs of the MQW-top, MQW-mid, and MQW-bottom start 
to drop to below 0.995 at wavelengths of 500, 560, and 620 nm. The GaAs thicknesses for a 98% absorption at 
these threshold wavelengths are 365, 616, and 912 nm [29], corresponding to the GaAs thicknesses of 300, 600 
and 900 nm, respectively, above the MQWs (p-emitter + top i-spacer). Light with wavelengths longer than the 
threshold allows carriers to be photoexcited beyond the MQW and generates the hole photocurrent which 
cannot be efficiently collected when crossing the electron-rich regions. Under the 800-nm illumination, the 
MQW-mid was found to have the poorest carrier collection. This is due to the fact that in the MQW-mid, more 
light penetrates the MQW and generate a larger hole photocurrent than the MQW-bottom, while the 
electron-rich region is wider than that in the MQW-top. 
For direct excitation in the MQW (λ > 870 nm), the MQW-top shows a remarkably higher CCE than the 
other two samples. These wavelengths generate carriers in the entire MQW region and are not absorbed outside 
the MQW. The collection of carriers generated in the lower (upper) part of the MQW is limited by the hole 
(electron) transport in the electron-rich (hole-rich) region toward the p-emitter (n-base), whereas the majority 
carriers in each region can be efficiently extracted out of the MQW. As illustrated in Figs. 7(d)-(e), the average 
transport length in these regions is the shortest when the carrier distribution is symmetric. This is the reason 
  
why the MQW-top, whose carrier distribution in the MQW is comparatively balanced, has a high CCE for the 
direct photogeneration. We will discuss this behavior mathematically in the next section. 
Note that the quantum-confined Stark effect shifts the absorption wavelength at the reverse bias and makes 
the CCE calculation using Eq. (2) overestimated or underestimated, depending on the wavelengths, near the 
absorption edge. This appears as a peak-shape artifact in the measured CCE spectra. 
 
 
Fig. 7. Simulated electron and hole densities in the i-regions of MQW cells when the MQW is inserted (a) near the p-emitter 
(MQW-top), (b) at the center (MQW-mid), and (c) near the n-base (MQW-bottom) at 0.6 V under 1-sun bias light. The shaded 
areas indicate the MQW regions with different carrier distribution. Transport distance of the minority carriers directly 
photogenerated inside the MQW when the electron-rich region covers (d) a half and (e) the entire MQW region. The average 
transport length in the minority-carrier region is the shortest when the carrier distribution is symmetric. 
 
4. Formulae 
In this section, the behavior of MQW p-i-n solar cells is expressed mathematically based on the above 
findings. 
 
4.1. Collection of carriers crossing MQW 
By assuming that the drift process dominates the transport of the photogenerated carriers, the increase of 
electron density ∆n in the MQW due to the electron photocurrent ∆Jn is given by 
 ,n nqJ nEµ∆ ∆=  (5) 
where q is the elementary charge, µn is the electron effective mobility in the MQW, and E is the electric field. 
The recombination increment, which is mainly the SRH process as discussed above, at depth x causes the 
electron photocurrent drop by 
( ) SRH
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where the relation among ∆RSRH, ∆n and ∆Jn in Eqs. (4)-(5) is used.  
The solution for ∆Jn in Eq. (6) is an exponential function, and the electron collection efficiency CCEn, 
obtained from the ratio of the electron photocurrent extracted from MQW (∆Jn,out) to the electron photocurrent 
entering the MQW (∆Jn,in), is expressed by 
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(7) 
where Lp>n is the width of the hole-rich region in the MQW. This explains the carrier collection behavior in the 
p(n)n and p(p)n cells: electrons can be efficiently collected in the p(n)n cell even at a low field strength thanks 
to Lp>n being close to zero, whereas they strongly recombine in the p(p)n cell, which has large Lp>n. 
For MQW with uniform effective mobility, lifetime, and field, electron collection efficiency CCEn and hole 
collection efficiency CCEp across the MQW can be written by a similar expression using the effective mobility 
µMQW and the lifetime τrec of the minority carriers: 
minor minor
 or 
MQW rec
CC e p e ,E x xpn p
d
L L
E Lµ τ
   
= − = −   
    
 (8) 
where Lminor is the minority-carrier region width and 
MQW recdL Eµ τ=  (9) 
is the minority-carrier drift length. 
 
4.2. Collection of carriers generated inside MQW 
We consider the collection of carriers directly generated in the MQW with a total thickness of LMQW, 
uniform electron and hole drift lengths of Ld,n and Ld,p, the hole-rich region 0 ≤ x < Lp>n, and the electron-rich 
region Lp>n < x ≤ LMQW (= Lp>n + Ln>p). Electrons generated in 0 ≤ x < Lp>n have to travel within the hole-rich 
region by the distance of Lp>n − x and hence, ,exp[ ( ) ]p n d nL x L>− −  of them can be collected. The average 
collection efficiency of electrons directly generated in 0 ≤ x < Lp>n, denoted by CCEn,direct, becomes 
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(10a) 
 
(10b) 
 
(10c) 
where α is the absorption coefficient. Eq. (10b) assumes uniform photogeneration, which is acceptable in most 
MQW designs where LMQW ≤ 2 α  for sufficient absorption. Eq. (10c) holds within the second-order 
approximation when Lp>n ≤ 2Ld,n, which should be satisfied for practical MQW cells. We can interpret Eq. (10c) 
as the average transport distance is a half of the minority-carrier region width when carriers are uniformly 
photogenerated inside the MQW. 
Therefore, the total CCE for the uniform direct excitation including hole collection from Lp>n < x ≤ LMQW, 
denoted by CCEdirect, is given by 
direct
MQW , MQW ,
exp exp .
2
CC
2
E p n p n n p n p
d n d p
L L L L
L L L L
> > > >  = − + −  
      
 (11) 
CCEdirect has the maximum value given by 
{ } MQWdirect
, ,,
max CCE
4
exp      when ,p n n p
d d n d pp n
L LL
L L L
> >
 
 = − =
  
 (12) 
where 1 , ,2, ( )d d n d pp nL L L+= is the average drift length of electrons and holes. This explains why the p(p)n 
[Fig. 4(b)] and the MQW-top [Fig. 6(b)] samples under bias light, which have a better balance between Lp>n and 
Ln>p than the other samples, can efficiently collect carriers directly generated inside the MQW with 
wavelengths beyond 870 nm. 
 
4.3. Output current under a given spectrum 
Based on the above calculation, the photocurrent Jph, the total current J, the CCE (or IQE for negligible 
parasitic absorption) under any given illumination spectrum, and the EQE under monochromatic light can be 
written as 
( )diph rect dirfront b eack ctCCE CCE CCEn pq G GJ G= + +  (13) 
  
ph dark ,J J J−=  (14) 
front direct direback
front back
ct
direct
CC
CCE
E CCE CCE
,n p
G G G
G G G
+
+ +
=
+
 (15) 
direct directfront backCCE CCE CCEQE
CCE
E
,
n pG G G
N
A
λ
= ×
+ +
=  
(16a) 
(16b) 
respectively, where Gfront and Gback are the total generation rates in the device active regions above and below 
the MQW, which are the opposite for n-on-p structures, Gdirect is the total generation rate inside the MQW, Jdark 
is the dark current, Nλ is the illuminated photon flux, and A is the absorptivity in the active region. CCEn, CCEp, 
and CCEdirect are given by Eqs. (8) and (11). This study was conducted at a constant voltage, but it should be 
noted that the CCE has a voltage dependency through E. In some cases, the carrier distribution, Lp>n and Ln>p, 
may change at different voltages and affect the voltage dependency for the CCE.  
As a demonstration of the above formulae, we examined the CCE under a monochromatic light using Eqs. 
(8), (11), and (15) for the sample set with different MQW positions, which have a comparatively uniform field. 
The Lambert-Beer law was used to calculate Gfront, Gback, and Gdirect for each wavelength. E can be estimated 
from the built-in potential Vbi of 1.36 V, the applied voltage V of 0.6 V, and the i-region thickness Li of 1.1 µm 
to be 6.9 kV/cm [Eq. (A.5)]. The best-fit τn and τp were 300 and 35 ns, respectively, which are different within 
the same order of magnitude from the background-doping sample set due to different growth batches. The 
effective mobilities were set to 0.28 cm2/Vs as obtained experimentally. Lp>n was obtained from Figs. 7(a)-(c) 
to be 140, 0, and 0 nm for the MQW-top, MQW-mid, and MQW-bottom, respectively. Recall that Ln>p = LMQW 
− Lp>n= 300 nm − Lp>n. (See appendix for the estimation of the carrier distribution profile without using a 
device simulator.) 
The calculation result is plotted in Fig. 6(c). It agrees with the experimental result in Fig. 6(b), validating 
the proposed formulae for carrier collection. This model, described by a few simple expressions, confirms that 
the different carrier collection in identical MQWs placed in various positions is attributed to the carrier 
distribution, which cannot be easily interpreted by the conventional concept considering a single carrier in the 
potential field—the single-carrier picture. 
For a rough estimation of the photocurrent, e.g. for the application to the device design, one may consider 
the special case in which the distribution is symmetric ( 1 M W2 Qp n n pL L L> >= = ). In this case, Eqs. (8) and (11) 
become 
 o
MQW
r exp ,2
CCEn p
d
L
L
 
= − 
 
 
 
(17) 
MQ
dire
W
ct
,
CC exp ,
4
E
d p n
L
L
 
= − 
 
  
(18) 
  
where ,p n  is the symbol for the average between the electron and hole expressions.  
The availability of analytical expressions gives a clear picture of the collection dynamics and the 
dependency on cell parameters. They provide cell design rules, which cannot be easily achievable by the 
numerical treatment using self-consistent simulators. For instance, Eq. (18) can be used for a design of MQW 
thickness LMQW, and thus the number of well stacks. Figs. 8(a)-(b) illustrate the upper limit of LMQW to keep 
CCEdirect ≥ 0.9 under the fixed electric field. From Eq. (18), these correspond to 
,CCE 0.9
0.42 0.42d pMQW p pL L Eµ τ= = =  for µnτn = µpτp and CCE 0.9 0.80M pQW pL Eµ τ= =  for µnτn = 10µpτp. In 
practice, the MQW total thickness LMQW cannot exceed the i-region thickness Li, and the electric field E 
decreases as Li increases. Figs. 8(c)-(d) similarly illustrate the upper limit of LMQW but under the fixed applied 
voltage V, assuming LMQW = Li and thus bi MQW( )E V V L= − . That is, C biCE 0.9 0.42 ( )MQ ppWL V Vµ τ= = −  for 
µnτn = µpτp and 
C biCE 0.9
0.80 ( )MQ ppWL V Vµ τ= = −  for µnτn = 10µpτp. 
 
 
Fig. 8. Maximum MQW total thickness LMQW to keep CCEdirect ≥ 0.9 under various conditions. (a) Results under the same 
µMQWτrec product for electrons and holes and (b) 10 times larger µMQWτrec product for electrons than that for holes under the fixed 
electric field of 10 kV/cm. For other values of electric field, the maximum MQW thickness increases proportionally to the field. 
(c)-(d) Results under similar conditions but under the fixed applied voltage V that satisfies Vbi - V = 0.4 V, where the field is given 
by bi MQW( )E V V L= − . 
 
Furthermore, as already mentioned, Eq. (12) implies that placing the MQW to balance the carrier 
distribution is an effective approach to suppress the recombination of carriers photogenerated in MQW and 
hence enhance the photocurrent. Nevertheless, we should keep in mind that the MQW position design in this 
way may simultaneously degrade the open-circuit voltage Voc, as commonly recognized that the SRH 
  
recombination of electrically injected carriers is significantly high at the position where p n≈ . The way to deal 
with the Voc trade-off depends on the application: it can be less problematic in multi-junction cell application in 
which the subcell photocurrent is more critical to the cell efficiency than the subcell voltage. 
We should note that this analysis can be extended to MQWs with more complicated recombination 
processes. The recombination rate in Eq. (7) CCE exp[  ]n n ndx Eµ τ= ∫  can be simply replaced with the total 
rate 1 1n iτ τ=∑  of all recombination processes, and the following calculation can be carried out similarly. 
However, the final expression may not be as simple as when only the SRH process is dominant. For example, 
the radiative recombination lifetime of electrons, and in a similar way for holes, is given by1 ( )Bp x  and has a 
complicated spatial distribution in the MQW. (See Appendix if the estimation is needed.) 
The above derivation can be applied not only to MQWs, but also to the carrier collection in other quantum 
structures and low-mobility absorbers inserted in the i-region of p-i-n junctions, such as dilute-nitride solar 
cells [30]. 
 
4.4. Relation with carrier escape time 
It is sometimes more convenient to express the CCE using the escape time τesc and the recombination 
lifetime τrec as an analogy to the single-carrier picture. It has been derived in [24] that the effective carrier 
mobility in the MQW can be expressed by 
( )MQW esc,f esc,b1 1  ,l Eµ τ τ= −  (19) 
where esc,f1 τ  and esc,b1 τ  are the rates for the forward escape to the next QW and the backward escape to the 
well behind, and l is the MQW period. In most cases, esc,f1 τ  and esc,b1 τ  can be simply obtained from the 
carrier escape rate through a barrier with a decreased and an increased barrier height due to the electric field E, 
respectively, and their difference has a strong dependency on E. For example, the thermal process, whose 
escape rate through a potential barrier of effective height Vb is given by [ ]th0(1 )exp b BqV k Tτ −  [14], has an 
escape rate difference given by 
( ) ( )
( ) ( )
( )
2 2
thermalesc,f esc,b th0
th0
1 1 1
2 sinh ,
2
B B
b
b
B
bwEq V q V wE
T T
T
B
k k
qV
k
e
q
k
e
wEe
T
τ τ τ
τ
− +
− −
−
 
 − = −
 
 
 
=  
 
 
 
 
(20) 
where bV  is the average barrier height, kBT is the thermal energy, w is the well width, and τth0 is a constant.  
By using Eq. (19) and the approximation [ ] ( )exp 1 1 NNx x− ≈ +   , the collection efficiency of electrons or 
holes in Eqs. (8) and (11) can be rewritten as 
  
minor
esc,f esc,b
esc,f esc,b rec
1 1
,
1 1
CC
1
E
Nξ
τ τ
τ τ τ
 −
=  
− +  
 (21) 
where minor minorN L l=  is the number of wells in the minority-carrier region, and ξ is 1 for carriers crossing 
MQW and 12  for carriers uniformly generated inside the MQW. For the special case of symmetric carrier 
distribution, (21) becomes simpler using the total well number MQWN L l= : 
2
esc,f esc,b
esc,f esc,b rec
1 1
.
1 1 1
CCE
Nξ
τ τ
τ τ τ
 −
=  
− +  
 (22) 
The expression is close to the simplified expression ( ) ( )esc esc rec1 1 1
N
τ τ τ +  , but with much smaller number 
of wells to be considered. The net escape rate, including the backward escape process through 
esc esc,f esc,b1 1 1τ τ τ= − , should be considered particularly in low-field devices such as solar cells. Taking into 
account only the forward escape esc,f1 τ will largely overestimate the escape rate from MQWs; e.g., esc,f1 τ for 
the thermal escape in Eq. (20) is 5.7 times larger than the net escape rate esc esc,f esc,b1 1 1τ τ τ= − for w = 5 nm 
and E = 10 kV/cm. 
 
5. Conclusion 
In this study, we investigated the collection mechanism of photogenerated carriers (photocurrent) in MQWs 
based on both experiment and simulation. By examining the MQW solar cells with different background 
doping levels, light biases, and positions, the results suggest that the concept of majority/minority carriers, even 
in low-doped or non-doped i-regions, is important in the collection process. Photogenerated electrons tend to 
recombine only in the hole-rich region, while holes tend to recombine only in the electron-rich region. This 
explains the efficient electron collection in the sample with 1015 cm-3-order n-type background doping even in 
the flat band, the recovery of carrier collection under bias light, and the different carrier collection behavior 
when the MQW is inserted in different positions in the i-regions. This behavior cannot be easily described by 
the single-carrier picture. The collective behavior of carriers, such as the carrier density and recombination 
profiles, is required for the understanding of device operation. 
We proposed the model and derived the analytic expressions for the carrier collection efficiency taking into 
account such collective behavior, which can accurately predict the experimental results. As the impacts of cell 
parameters are expressed explicitly, it can be used as a design guide for optimizing MQW solar cells: for 
example, the required background doping, the proper MQW position, the optimal well number for sufficient 
absorption while maintaining efficient carrier collection, and so on. It is worth noting that our model is 
applicable to other types of devices containing quantum structures or low-mobility absorbers inside i-regions. 
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Appendix: Rough estimation of carrier distribution 
It is obvious from the above discussion that the estimation of carrier distribution is needed for calculating 
the CCE [Eqs. (8), (11), (21)]. As demonstrated in Figs. 3, 5, and 7, the density profiles can be obtained using a 
device simulator. However, it is more convenient for the device design if the carrier distribution profiles can be 
expressed explicitly. In this appendix, a rough estimation of the carrier distribution is discussed. 
First, consider a p-i-n bulk solar cell with a uniform electric field E (negligible background doping) and 
constant quasi-Fermi levels (EFn, EFp) across the i-region. Under the uniform field, the relative positions of the 
band edges from the quasi-Fermi levels [ F( )C nE z E−  and F( )V pE z E− , where EC and EV are the conduction 
and valence band edges] vary linearly with respect to position z in the i-region. Hence, the carrier density is an 
exponential function of z ( 0 iz L≤ ≤ ): 
( ) ( ) ( )log log 0 log ,i i
i i
L z zn z n n L
L L
−
= +  (A.1a) 
( ) ( ) ( )log log 0 log .i i
i i
L z zp z p p L
L L
−
= +  (A.1b) 
The boundary conditions can be given by  
( ) 00 ,Ap p N≡ ≈  (A.2a) 
( ) ,i Li Dn L n N≡ ≈  (A.2b) 
( ) [ ]20 00 exp ,i Bn n n qV k T p≡ ≈  (A.2c) 
( ) [ ]2 exp ,i Li i B Lip L p n qV k T n≡ ≈  (A.2d) 
where z = 0 and z = Li are the boundaries for the p-region (doping concentration NA) and the n-region (doping 
concentration ND), respectively, and ni is the intrinsic carrier density in the bulk.  
When the MQW is inserted, electron and hole densities in the MQW region simply increase by factors of  
,MQW
,bulk
,
C
Bc k T
E
n
c
N
e
N
∆
=Ξ  (A.3a) 
  
,MQW
,bulk
,
V
Bv k T
E
p
v
N
e
N
∆
=Ξ  (A.3b) 
respectively [31], where Nc,bulk and Nv,bulk are the effective densities of states in the conduction and valence 
bands of the surrounding bulk, Nc,MQW and Nv,MQW are the equivalent effective densities of states in the 
conduction and valence bands of the MQW, and ∆EC and ∆EV are the equivalent conduction and valence band 
offsets. 
Furthermore, under bias light, the carrier density increment due to the electron photocurrent ∆Jn and hole 
photocurrent ∆Jp is given by Eq. (5). As a result, the electron and hole distribution profiles become 
( )
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where µb,n and µb,p are the electron and hole mobilities in the surrounding bulk. Note that the quasi-Fermi levels, 
which are practically constant under a dark condition in most cells, are no longer uniform under illumination, 
namely Eq. (A.4). The electron field E can be estimated from the built-in potential Vbi and the total i-region 
thickness Li: 
bi .
i
V VE
L
−
≈  (A.5) 
As a further approximation, ( )front 1 direct2n q G GJ +∆ ≈  and ( )back 1 direct2p q G GJ ≈ +∆  are considered 
constant inside the MQW. (They are the opposite for n-on-p structures.) That is, ∆Jn and ∆Jp in the MQW can 
be roughly estimated with the average photocurrent in the MQW region without considering current drops due 
to recombination. In addition, µb,n and µb,p are assumed to be sufficiently high. Then, the carrier densities 
become 
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 (A.6b) 
This estimation may not be rigorous, but it is sufficient for approximately estimating the magnitude of the 
carrier densities. Fig. A.1(a) illustrates the estimated density profiles in the MQW-mid at 0.6 V under 1-sun bias 
light. The estimation using Eq. (A.6) provides the close similarity to the results in Fig. 7(b) obtained from the 
self-consistent simulator. The fractions of the electron-rich and hole-rich regions ( MQWn pL L> , MQWp nL L> ) in 
the MQW, inserted in different positions in the i-region estimated with Eq. (A.6) are plotted in Fig. A.1(b). The 
result confirms that the carrier distribution in the MQW is balanced when the MQW position is near, but not too 
close to, the p-emitter. 
 
 
Fig. A.1. Estimation of carrier distribution profile in i-regions at 0.6 V using Eq. (A.6). (a) Electron and hole densities in the 
i-region of the MQW-mid under 1-sun bias light. (b) Fractions of electron-rich and hole-rich regions in the MQW with varied 
MQW positions. The MQW total thickness LMQW was fixed at 300 nm and the i-region thickness Li was fixed at 1100 nm. Ξn = 
2.8×102 and Ξp = 0.25 were used. 
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